Allergic disease (AD), including atopic eczema, asthma, allergic rhinitis, and food allergy, is characterized by an imbalance between cytokines produced by distinct T-helper cell subtypes. Whether this imbalance can be transferred from mother to breast milk remains to be established. The objective was to investigate the concentrations and interactions of nutritional and inflammatory factors in breast milk. Breast milk samples were collected from mothers with AD (n ϭ 43) and without AD (n ϭ 51). The concentrations of transforming growth factor (TGF)-␤ 2 , tumor necrosis factor-␣, IL-4, IL-10, prostaglandin E 2 , and cysteinyl leukotrienes were measured by immunoassays and fatty acid composition by gas chromatography. Mothers with AD had a lower concentration of TGF-␤ 2 in breast milk [median (interquartile range), 420 (278 -701) ng/L] compared with those without AD [539 (378 -1108) ng/L; p ϭ 0.003], whereas other cytokines, prostaglandin E 2 , and cysteinyl leukotriene concentrations or fatty acid composition were not significantly different between the groups. The breast milk inflammatory factors and fatty acid composition were shown to be related. A positive association was observed between TGF-␤ 2 and the proportion of polyunsaturated fatty acids (p ϭ 0.038) and a negative association between TGF-␤ 2 and the proportion of saturated fatty acids (p ϭ 0.029) in breast milk. The reduced TGF-␤ 2 concentration in the breast milk of mothers with AD may interfere with the development of the mucosal immune system of the breast-fed infant. The observed associations between nutritional and inflammatory factors in breast milk suggest that it may be possible to influence the immunologic properties of breast milk by dietary intervention of the mother. Breast milk provides the infant with nutrients for growth and development and immune protection to compensate for the immature and inexperienced defense mechanisms at mucosal surfaces. Although the evidence is inconclusive, breast-feeding during the first months after birth seems to protect the infant against AD, including atopic eczema (1), allergic rhinitis (2), asthma (3), and food allergy (4). However, it has been documented that parental and particularly maternal AD increases the risk of AD in the infant (5-8). The intensive relationship between the mother and the infant during pregnancy and breast-feeding may result in modulation of the immune system of the infant to favor the development of allergic immune responder phenotype. As allergic inflammation is typically characterized by altered production of mediators such as cytokines and immunoglobulins (9, 10), it is possible that the AD of the mother influences the breast milk composition. Such variation in composition may in turn affect the maturation of the defense mechanisms of the gastrointestinal tract and thus the health status of the breast-fed infant.
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Cytokines, fatty acids, and eicosanoids-depending on the mediator type-have the capacity to exert both proinflammatory and antiinflammatory effects (11) (12) (13) , but little is known as to their concentrations and associations within breast milk. In addition, whether the AD of the mother is reflected in the composition of her breast milk has not been ascertained. The objectives of the present study were to investigate 1) the concentrations and interactions of the nutritional and inflammatory factors within breast milk and 2) the composition of breast milk in mothers with AD compared with that of mothers without.
METHODS
Subjects and study design. The study population comprised 43 mothers with and 51 mothers without AD. Breast-feeding mothers from families participating in other, allergic unrelated studies at Turku and Tampere University Hospitals were asked to donate breast milk samples to the study. Mothers with chronic diseases other than AD were excluded. AD in the mothers was classified as atopic eczema, asthma, allergic rhinitis, or food allergy according to the mothers' own reports of doctor-diagnosed AD or previous use of medication for symptoms of AD. At the time of breast milk sample collection the infants were on average 2.3 mo old. Fifty-nine of the infants were exclusively breast-fed while 35 received solid foods or infant formula in addition to breast milk.
Infants were allowed to suckle for a few minutes before a breast milk sample was collected by manual expression, and thereafter feeding was continued. The samples were stored at Ϫ70°C until analysis.
An informed consent was asked from all the mothers participating in the study, and the study was approved by the First Ethical Committee of the Hospital District of South-West Finland and the Ethical Committee of Tampere University Hospital.
Analysis of cytokine concentrations in breast milk. The breast milk samples were thawed, mixed by vortex, and subsequently centrifuged at 8832 ϫ g for 5 min at room temperature to separate fat and cells from whey. The concentrations of TNF-␣, IL-4, IL-10, and TGF-␤ 2 in whey were determined using commercial sandwich ELISAs specific to these molecules (R&D Systems Europe Ltd, Abindgon, U.K.). Assays were performed as recommended by the manufacturer, except that latent TGF-␤ 2 was activated as previously described (14) . Briefly, the milk was incubated at room temperature for 1 h with 1 M acetic acid and neutralized with 1.2 M NaOH/0.5 M HEPES. All assays were performed in duplicate.
Analysis of eicosanoid concentrations in breast milk. PGE 2 was measured by RIA using reagents supplied by Amersham Pharmacia Biotech (Biotrak RPA 530; Buckinghamshire, U.K.). The amount of Cys-LTs was measured by ELISA using reagents supplied by Amersham Pharmacia Biotech (Biotrak RPN 224).
Analysis of fatty acid composition of the breast milk. The breast milk samples were thermostated at 40°C for an hour and thoroughly mixed before aliquots of 0.5 g were taken for fatty acid analysis. Methyl nonadecanoate (5.0 mg; 99ϩ%; NuCheck Prep. Inc., Elysian, MN U.S.A.) in ethanol was added as the internal standard, and the ethanolic solution was alkalinized with ammonium. Lipids were extracted three times with petroleum and diethyl ethers according to the FIL-IDF standard (15) . Fatty acids were methylated with boron trifluoride (16) before analysis by capillary gas chromatography. Fatty acid methyl esters were injected using on-column technique to a NB-351 column (25 m ϫ 0.32 mm ϫ 0.2 m; HNU Nordion, Helsinki, Finland). The gas chromatography conditions were as follows: injector and oven temperatures were programmed from 60°C to 240°C; flame ionization detector temperature was 260°C, and helium was used as the carrier gas with a constant flow rate of 2.0 mL/min. Fatty acid methyl esters were assumed to give equal responses in the detector. Fatty acid contents were calculated from the respective methyl esters and triacylglycerol contents by multiplying the total fatty acid contents by 1.046 (17) . Each breast milk sample was analyzed for fatty acids in duplicate.
Statistical analysis. Differences between two unpaired groups were evaluated by the independent samples t test or by differences between the means and their confidence intervals (18) for normally distributed variables and by the Mann-Whitney U test for variables not normally distributed. Correlations between two variables were calculated by the Spearman rank correlation coefficient. Values are reported as mean and SD or as median and range or interquartile range, unless otherwise specified. A p value of Ͻ 0.05 was considered statistically significant. All statistical analyses were performed on SPSS for Windows (version 10.0.5; SPSS Inc., Chicago, IL, U.S.A.).
RESULTS
The clinical characteristics of the mothers and their infants are summarized in Table 1 . The two groups were comparable except for the presence or absence of AD. The most common AD in the mothers was allergic rhinitis, followed by food allergy and atopic eczema.
The prevalence and concentrations of the analyzed cytokines and eicosanoids in breast milk are presented in Table 2 . TGF-␤ 2 of cytokines and PGE 2 and Cys-LTs of eicosanoids were detected in all breast milk samples, whereas cytokines TNF-␣ and IL-10 were detected in 16% and 9% of the samples, respectively. None of the samples reached the detection limit for IL-4. The concentration of TGF-␤ 2 was lower in mothers with AD compared with mothers without (p ϭ 0.003; Fig. 1 ), whereas concentrations of the other cytokines and eicosanoids were similar in the two groups.
The total amounts of triacylglycerols in the breast milk were not significantly different in mothers with AD compared with mothers without (mean Ϯ SD: 40 Ϯ 21 g/L, n ϭ 28 and 37 Ϯ 18 g/L, n ϭ 39, respectively; NS). The fatty acids docosahexaenoic acid (22:6-3), docosapentaenoic acid (22:5-3), and ␥-linoleic acid (18:3-6) could not be detected or were insufficiently separated (22:6-3) in the samples in the gas chromatographic conditions used in the study. The proportions of other individual fatty acids or fatty acid groups were not different between the two groups ( Table 3) .
The breast milk inflammatory factors and fatty acid composition were shown to be related. A positive association was observed between TGF-␤ 2 and proportions of PUFA ( ϭ 0.29, p ϭ 0.038, n ϭ 53) and -6 fatty acids ( ϭ 0.34, p ϭ 0.012, n ϭ 53) in total fatty acid content and a negative association between TGF-␤ 2 and proportion of SFA ( ϭ Ϫ0.30, p ϭ 0.029, n ϭ 53) in total fatty acids (Fig. 2) . TGF-␤ 2 was not associated with the proportion of -3 fatty acids. PGE 2 was related with Cys-LTs ( ϭ 0.34, p ϭ 0.002, n ϭ 82) and 
DISCUSSION
The immunologic hallmark of AD is an imbalance between regulatory cytokines produced by distinct TH cell subtypes. Interestingly, this study revealed that in addition to cytokines, other mediators may also regulate the delicate immunologic balance. The possibility that aberrant properties of breast milk may be transferred from mother to child and the composition of breast milk be influenced presents a particular challenge in the fight against AD.
Several studies have indicated that maternal atopy and AD, even more profoundly than paternal AD, increases the risk of atopy and AD in the infant (5) (6) (7) (8) . In a recent study, in comparison to paternal atopy, maternal atopy involved a more than 3-fold risk of atopy in child (8) . Although some of the transmission of AD may be inherited, the differential impact of the maternal and the paternal AD on the risk of disease in the infant implies that the relationship between the mother and the fetus or infant is a stronger determinant of the immune responder type of the child, possibly enduringly. The relations between immunologic factors, including cytokines, fatty acids, and eicosanoids, in breast milk may influence the delicate balance of the gut immune milieu of the infant and thus may have health effects on the breast-fed infant. Indeed, a major mechanism whereby a healthy immune homeostasis is maintained takes place via control of cytokines produced by TH1, TH2, and Tr-like cells (19) . In the context of AD, harmful properties have been extensively described for IL-4, TNF-␣, and interferon-␥, whereas antiinflammatory or protective properties, mainly via induction of oral tolerance, have been described for TGF-␤ 2 and IL-10 (20). Particularly breast milk TGF-␤ 2 may play a key role with respect to the prevention of AD (21) .
In the present study we demonstrate a lower concentration of TGF-␤ 2 in breast milk in mothers with AD compared with those without. Furthermore, our results imply that regulatory circuits of fatty acid, eicosanoid, and cytokine metabolism may be connected. The associations observed suggest that the immunomodulatory properties of breast milk may not be envisaged in terms of single factors; a joint action may be required.
Our results on the prevalence and concentrations of cytokines in the breast milk in healthy mothers are similar to those reported elsewhere, showing that TGF-␤ 2 has frequently been measured in breast milk (21) (22) (23) (24) (25) . Moreover, in accord with previous data, cytokines IL-4, IL-10, and TNF-␣ were not detected or were only detected in low concentrations (23, 24, 26) . Whereas Böttcher and coworkers (25) found a higher concentration of IL-4 in the colostrum of mothers with AD compared with mothers without AD, we were not able to demonstrate such a difference in the breast milk given to older infants. A key difference between the present study and that of Böttcher and coworkers (25) is that they described AD as symptoms and a positive IgE response to inhalant allergens, i.e. expression of atopy and AD together. Because IgE is under regulation by IL-4, their cohort may have been focused on a more extreme population as reflected also in breast milk composition.
Compared to cytokines, PUFAs are considered to have both proinflammatory and antiinflammatory properties. Generally -6 PUFAs, as well as eicosanoids derived from them, are considered proinflammatory, whereas -3 PUFAs are considered antiinflammatory (11) . However, evidence is accumulating to suggest that -6 fatty acids may actually be antiinflam- matory via the effects of TH3 or Tr cells and thus via TGF-␤ 2 and IL-10 production. In the present study the breast milk samples were collected in a systematic way, and the results are presented as a proportional fatty acid composition rather than concentrations to reduce the variability in the fatty acid composition caused by factors other than biologic variability. Our results would imply than in addition to -6 fatty acids, the proportion of total PUFA, and more surprisingly total SFA, may be an important regulator of the immune milieu of breast milk. Nonetheless, no difference was found in the proportional fatty acid composition or in the concentrations of PGE 2 and Cys-LTs in the breast milk of mothers with and without AD. Our results for fatty acid composition are similar to those obtained by Schroten and associates (27) . Decreased levels, particularly of PGE 2 precursor fatty acids in the breast milk of mothers with AD, have previously been observed (28 -30) . Eicosanoids, particularly PGE 2 , have been measured in breast milk (24, (31) (32) (33) , but no comparisons between allergic and healthy mothers have been undertaken. Consequently, an altered fatty acid composition in breast milk in mothers with AD has hitherto commonly been explained by an impaired capacity to metabolize PUFA, and it has been estimated that this would result in altered eicosanoid production (28, 29, 34, 35 ).
An alternative explanation for a defect in PUFA metabolism in AD may be put forward. The development of AD may rather be caused by the immune responses resulting from metabolic events occurring after the synthesis of eicosanoids. In studies by Rocklin and coworkers (36, 37) it was shown in vitro that the sensitivity and the amount of PGE 2 receptors in the effector T cells is reduced in AD. This would result in a deficient PGE 2 feedback inhibition and would prevent the differentiation and proliferation of TH precursor cells to Tr and TH3 cells and thus the production of TGF-␤ 2 . In the same way, the role of PGE 2 as a modulator of immune function was shown in a recent experimental animal study in which antigen stimulation upregulated PGE 2 production from arachidonic acid and consequently suppressed antigen-specific T-cell proliferation in gutassociated lymphoid tissue, thus contributing to an antiinflammatory intestinal environment (38) . These events might also explain the reduced TGF-␤ 2 concentration in the breast milk of mothers with AD observed in this study.
CONCLUSIONS
The breast milk cytokines, eicosanoids, and fatty acids were shown to be related. In view of the several beneficial effects of TGF-␤ 2 on the development of the mucosal immune system of the breast-fed infant, a low TGF-␤ 2 concentration observed in this study may represent a health risk for the infant. The observed associations between the nutritional and inflammatory factors in breast milk suggest that it may be possible to influence the immune milieu of the gut depending on the breast milk composition. By modifying the breast milk fatty acid composition in a specific manner it may be possible to enforce those properties of the milk that are immune-protective for the infant. Failure to achieve this in a preliminary attempt (39) calls for experimental studies with precise documentation of the intervention and evaluation of the background diet, especially because diet is always a combination of many foods and nutrients, and their interactions and effects on immune function may outweigh the significance of using single-nutrient supplements.
